.-Renin-angiotensin system (RAS) activation contributes to kidney injury through oxidative stress. Renin is the rate-limiting step in angiotensin (ANG II) generation. Recent work suggests renin inhibition improves proteinuria comparable to ANG type 1 receptor (AT1R) blockade (ARB). Thereby, we investigated the relative impact of treatment with a renin inhibitor vs. an ARB on renal oxidative stress and associated glomerular structural and functional changes in the transgenic Ren2 rat, which manifests hypertension, albuminuria, and increased tissue RAS activity. Young Ren2 and age-matched Sprague-Dawley (SD) controls (age 6 -9 wk) were treated with a renin inhibitor (aliskiren), an ARB (irbesartan), or vehicle for 21 days. Ren2 rats exhibited increases in systolic pressure (SBP), albuminuria, and renal 3-nitrotyrosine content as well as ultrastructural podocyte foot-process effacement and diminution of the podocyte-specific protein nephrin. Structural and functional alterations were accompanied by increased renal cortical ANG II, AT1R, as well as NADPH oxidase subunit (Nox2) expression compared with SD controls. Abnormalities were attenuated to a similar extent with both aliskiren and irbesartan treatment. Despite the fact the dose of irbesartan used caused a greater reduction in SBP than aliskerin treatment (P Ͻ 0.05), the effects on proteinuria, nephrin, and oxidative stress were similar between the two treatments. Our results highlight both the importance of pressor-related reductions on podocyte integrity and albuminuria as well as RAS-mediated oxidant stress largely comparable between ARB and renin inhibition treatment.
THE RENIN-ANGIOTENSIN SYSTEM (RAS) plays a central role in regulating normal cardiovascular and kidney function (6, 37) . However, excessive RAS activity contributes to renal maladaptive remodeling through promotion of inflammation and oxidative stress, processes that promote glomerular filtration barrier injury and ensuing albuminuria (29, 32, 37, 45, 48 -50) . Antihypertensive agents that inhibit the actions of angiotensin II (ANG II), either through inhibition of ANG-converting enzyme (ACE) or blockade of the ANG type 1 receptor (AT 1 R), have been shown to reduce the progression of albuminuria as well as slow the decline in glomerular filtration rate (43) and progression to end-stage renal disease (9) .
While inhibition of the RAS with blockade of the AT 1 R attenuates the progression of increasing albuminuria and kidney damage, the burden of kidney disease remains high and there exists an unmet need for treatment strategies that further reduce progression of proteinuria and renal disease (14, 39) . Recently, both (pro)renin (13, 20) and renin (18, 51) receptors have been identified and characterized in the kidney. Binding to these receptors is specific for renin and prorenin and induces phosphorylation of tyrosine and serine residues, thereby promoting fibronectin and collagen gene expression and associated fibrosis (35) . The observation that animals deficient in ANG II, ACE, or ANG II receptors have high renin levels and develop glomerulosclerosis (12, 36, 46) suggests renin may act through a receptor-mediated ANG II-independent mechanism to promote glomerular disease.
As renin is the rate-limiting step in the generation of ANG II, blockade of renin activation is an attractive therapeutic target to prevent glomerular injury and associated proteinuria. Aliskiren is a potent direct renin inhibitor, with high specificity for human and mouse renin (2, 28, 33) . Recent studies conducted in vitro and in animals indicate that treatment with this direct renin inhibitor reduces the number of (pro)renin receptors (35) and attenuates fibrosis in the kidney (13, 24) . Furthermore, this drug reduces proteinuria (13, 33) in animals and humans (14, 39) . However, the precise protective effects of treatment with this direct renin inhibitor on glomerular filtration barrier integrity have not been investigated. This is important as loss of this barrier is the seminal abnormality underlying the onset of albuminuria (22, 27, 38, 41) .
Due to a high species specificity for only human and mouse renin, aliskiren cannot be studied effectively in conventional rat models. To circumvent this issue, we utilized the transgenic TG(mRen2)27 rat (Ren2), which harbors both the native Ren1 and the murine renin transgene and is a model of excessive tissue RAS activity and develops hypertension, systemic insulin resistance, and proteinuria (16, 26, 48, 49) . Use of the Ren2 rat allows for interrogation of the specific role of direct renin inhibition compared with AT 1 R blockade (ARB) as it contributes to glomerular filtration barrier injury (48 -50) . Accordingly, we hypothesized that in vivo direct renin inhibition with aliskiren would attenuate the loss of glomerular filtration barrier/integrity and associated albuminuria comparable to that of an ARB, in part, through attenuation of renal oxidative stress.
METHODS

Animals and treatments.
All animal procedures were approved by the University of Missouri animal care and use committees and housed in accordance with National Institutes of Health guidelines. Ren2 rats (6 -9 wk of age) and age-matched Sprague-Dawley (SD) littermates were randomly assigned to sham treatment (Ren2-C and SD-C, respectively; n ϭ 5 each), aliskiren treatment (Ren2-A and SD-A; n ϭ 6 each) at 50 mg·kg Ϫ1 ·day
Ϫ1
, or irbesartan treatment (Ren2-I; n ϭ 5) at 30 mg·kg Ϫ1 ·day Ϫ1 in saline via intraperitoneal injection for 21 days. Aliskiren was provided by Novartis research laboratories and prepared fresh daily in sterile 0.9% normal saline. Dosing was based on previous studies in Ren2 rats (13, 50) .
Systolic blood pressure and albuminuria. Systolic blood pressure (SBP) was determined after acclimatization, and urine albumin and creatinine were performed as previously described (48, 49) .
Ultrastructural observations with transmission electron microscopy. Kidney cortical tissue was thinly sliced, placed immediately in primary transmission electron microscopy (TEM) fixative, and prepared as previously described (49) . A JOEL 1200-EX TEM microscope (JOEL, Tokyo, Japan) was used to view all samples.
Western blot analysis. Standard Western blot analysis was performed as previously described in detail with some modifications (49) . Briefly, kidney cortical tissue was taken from 9-wk-old animals, weighed, and then transferred to sucrose homogenization buffer. Four fractions were prepared by differential centrifugation (Sorvall), and the whole tissue lysate fraction was used for Western blots. Each lane was loaded with 50 g of protein and equal loading was ensured by both Ponceau staining and the housekeeping protein, ␤-actin. Antinephrin (Santa Cruz Biotechnology, Santa Cruz, CA) was diluted 1:200 in 1ϫ TBS with 0.1% Tween 20 (TBST). Following an overnight incubation, the membranes were washed in TBST (4 ϫ 4 min), incubated with horseradish peroxidase (HRP)-conjugated antigoat IgG at 1:10,000 for 1 h at room temperature, washed again in TBST (5 ϫ 5 min), treated with SuperSignal West Dura Chemiluminescent Substrate (Pierce, Rockford, IL), and digitally imaged with a Bio-Rad Chemi-Doc XRS. Protein bands were quantified using BioRad's Quantity One software.
Immunohistochemistry. Harvested kidney tissue was prepared as previously described (48 -50) . Briefly, rehydrated paraffin-embedded sections were blocked in 5% BSA, 5% donkey serum, and 0.01% sodium azide in HEPES buffer for 4 h in a humidity chamber. Following a brief rinse, sections were incubated with 1:100 goat polyclonal ANG II (Santa Cruz Biotechnology), 1:50 rabbit polyclonal AT1R (Santa Cruz Biotechnology), 1:100 goat polyclonal Nox2 (Santa Cruz Biotechnology), and 1:200 mouse monoclonal Rac1 (Upstate Cell Signaling) antibodies in 10-fold diluted blocking agent overnight. After being washed, sections were incubated for 4 h with 1:300 Alexa fluor donkey anti-goat 647 (Invitrogen) for ANG II and Nox2, donkey anti-rabbit for AT1R, and donkey anti-mouse for Rac1. The slides were examined under a bi-photon confocal microscope (Zeiss LSM, 510 MLO, Thornwood, NY), and the images were captured with LSM imaging system. Signal intensities were analyzed with MetaVue.
3-Nitrotyrosine immunostaining. 3-Nitrotyrosine (3-NT) was quantified as previously described (48, 49) . Briefly, samples were incubated overnight with 1:200 primary rabbit polyclonal anti-nitrotyrosine antibody (DakoCytomation, Carpinteria, CA). Sections were then washed and incubated 30 min each with secondary antibodies, biotinylated link, and streptavidin-HRP. After several rinses with distilled water, diaminobenzidine was applied for 12 min, and sections were again rinsed and stained with hematoxylin for 45 s, rehydrated, and mounted with a permanent media. The slides were checked under a bright field (Nikon 50i) microscope and the ϫ40 images were captured with a cool snapcf camera.
Statistical analysis. This investigation was powered based on prior sensitivity and variability measurements of albuminuria to achieve a significance of P Ͻ 0.05 with a power of 0.8 (49) . All values are expressed as means Ϯ SE. Statistical analyses were performed in SPSS 13.0 (SPSS, Chicago, IL) using ANOVA with Fisher's LSD as appropriate and Student's t-test for paired analysis.
RESULTS
SBP and albuminuria.
The Ren2 is a rat model of RAS activation driven by the overexpression of the mouse renin transgene with manifestation of hypertension and albuminuria. Consistent with prior observations (48 -50), we observed increases in SBP in the Ren2 compared with SD controls (P Ͻ 0.05) that were improved with administration of both aliskiren and irbesartan in Ren2 animals (each P Ͻ 0.05; Fig. 1A ). There were slightly greater reductions in SBP in irbesartan-treated Ren2 rats compared with aliskiren treatment (P Ͻ 0.05). A similar pattern was observed with urine albumin excretion. There were again increases in the Ren2 compared with SD controls (P Ͻ 0.05) that were improved with both aliskiren and irbesartan treatment (each P Ͻ 0.05; Fig. 1B) .
Glomerular filtration barrier/podocyte injury. Albuminuria in this model is characterized by podocyte injury (48, 49) . Nephrin is an IgG-like integral membrane protein that plays a critical role in maintaining podocyte architecture (22, 27, 38, 41) . Consistent with prior observations of podocyte injuryassociated increases in albuminuria, there was decreased expression of the podocyte-specific protein nephrin in Ren2 cortical tissue compared with SD controls (P Ͻ 0.05), and this reduction was significantly improved with both aliskiren and irbesartan treatment (Fig. 1C) .
To confirm podocyte injury, we utilized ultrastructural observations of the glomerular filtration barrier of the Ren2, which revealed podocyte foot process effacement and loss of slit pore integrity compared with SD controls (Fig. 2) . Consistent with effacement, there were increases in podocyte foot process base width as well as decreases in intact slit pore diaphragm surface in the untreated Ren2 compared with control and aliskiren-treated SD rats. These observed ultrastructural abnormalities were corrected to a similar extent with both aliskiren and irbesartan treatment in the Ren2.
Renal cortical 3-NT and Nox2 content. Excess RAS activation has been linked to increases in oxidative stress. 3-NT content, as a marker for peroxynitrite (ONOO Ϫ ) formation, was similarly increased in the Ren2 compared with SD controls (P Ͻ 0.05; Fig. 3 ). 3-NT represents increased oxido-and nitroso-lipid products, not simply reactive oxygen species (ROS) formation. Indeed, we and others showed that enhanced activation of the NADPH oxidase enzyme, in addition to altered nitric oxide (NO) metabolism, contributes to RASmediated generation of 3-NT (48) . Consistent with the notion that ANG II activates the NADPH oxidase enzyme complex, we observed increases in Nox2 subunit immunostaining in cortical tissue compared with SD controls (P Ͻ 0.05). Both aliskiren and irbesartan treatment reduced this NADPH oxidase subunit expression and 3-NT content in Ren2 cortical tissue (each P Ͻ 0.05).
Renal cortical ANG II and AT 1 R levels. The Ren2 model is characterized by increased tissue levels of ANG II (3-5). There were increases in ANG II and AT 1 R immunostaining in Ren2 cortical tissue compared with SD controls (each P Ͻ 0.05; Fig. 4 ). Aliskiren and irbesartan treatments reduced the ANG II, AT 1 R, and Nox2 immunostaining in Ren2 cortical tissue to a similar extent (each P Ͻ 0.05). Aliskiren treatment reduced renal cortical tissue immunostaining for 3-NT to a greater extent than observed with irbesartan treatment (P Ͻ 0.05).
DISCUSSION
Results from this investigation highlight the importance of SBP reductions in both glomerular injury and proteinuria with both ARB and renin inhibition treatment in the transgenic Ren2 rat. In vivo treatment with the direct renin inhibitor (aliskiren) and ARB (irbesartan) protected against tissue RAS-mediated loss of podocyte slit pore integrity to a similar extent in this transgenic rat model. These observations underscore the importance of blood pressure reduction, as well as specific effects on tissue RAS, in reducing glomerular injury and albuminuria in this model of enhanced tissue renin expression. Results of this study underscore previous work demonstrating the importance of SBP reduction as a critical determinant of abrogating proteinuria and renal injury (40) . Available data suggest that RAS intervention has a renoprotective effect that may extend beyond its anti-hypertensive efficacy relative to other antihypertensive classes (9, 39, 40) . Collectively, these observations complement and extend previous reports that renin inhibition, as well as ARB treatment, reduces renal fibrosis and proteinuria in rodents (13, 33) and reduces mesangial fibrosis and apoptosis of podocytes in cell culture systems (34, 42) .
Our observations suggest that the glomerulopathy seen in the transgenic Ren2 kidney is dependent, in part, on renin activa- Fig. 2 . Podocyte foot process integrity in the Ren2. A: Western blot analysis of the podocyte-specific protein nephrin from kidney cortical tissue homogenates. Each lane was loaded with 50 g of protein and equal loading was ensured by both Ponceau staining and the housekeeping protein, ␤-actin. B: ultrastructural analysis of the glomerular filtration barrier on transmission electron microscopy at ϫ10,000 (top) and ϫ60,000 (bottom). The Ren2 (Ren2-C; n ϭ 4) rat displays loss of glomerular filtration barrier integrity with podocyte foot process effacement and loss of the slit pore diaphragm (arrows) compared with Sprague-Dawley (SD-C; n ϭ 5) controls. Podocyte foot process effacement is improved with both aliskiren and irbesartan treatment in the Ren2 (Ren2-A and Ren2-I; n ϭ 5) rats. *P Ͻ 0.05 when Ren2-C (n ϭ 5) are compared with SD-C (n ϭ 5). **P Ͻ 0.05 when Ren2-A and Ren2-I (n ϭ 5) are compared with age-matched Ren2-C. tion in this tissue. Others reported that the kidney murine renin in the Ren2 rat is 60-fold more active than rat renin on rat angiotensinogen and subsequent expression of tissue ANG II (3, 4) . Indeed, compared with SD animals, Ren2 rats are characterized by increased plasma total renin, prorenin, and ANG II as well as increased kidney ANG II levels (3) (4) (5) . Activation of the renin/prorenin receptor has been proposed to further contribute to the observed abnormalities in the Ren2 kidney, including inflammation and interstitial fibrosis as well as albuminuria (13) . In this context, a potential benefit of blocking renin activation would be to reduce renin availability to bind to renin/prorenin receptors, the binding of which has been shown to have pathological consequences in other tissues (8, 16, 21, 26, 33) .
To the best of our knowledge, this is the first investigation demonstrating a beneficial effect of renin inhibition on the filtration barrier and podocyte integrity. The glomerular filtration barrier is composed of three layers: the fenestrated capillary endothelium, the glomerular basement membrane, and the terminally differentiated visceral epithelial cells termed podocytes (22, 27, 38, 41) . Podocytes line the outer portion of the basement membrane and serve as the final barrier against urinary protein loss. In this regard, the slit pore membrane, a diaphragmatic structure formed at the junction of the interdigitating foot processes of podocytes, is the primary size-selective permeability barrier against protein leakage into the proximal tubule (27, 38) .
Aliskiren treatment reduced 3-NT cortical content suggesting a possible role for renin in slit pore membrane integrity. In this regard, it is important to note that 3-NT in this study is a single measure and represents both lipid oxidation and ONOO Ϫ , which is a highly reactive oxidant species that can be formed endogenously by the interaction of NO and superoxide anion (O 2 Ϫ ), and this product reacts readily with tyrosine residues of proteins to form 3-NT (37). Reductions in bioavailable NO and increases in ROS are thought to be the major contributors to oxidative damage to lipids, proteins, and DNA. Our observations are also consistent with the notion that increases in ONOO Ϫ (measured as 3-NT) are highly reactive in the kidney and can contribute to glomerular/podocyte injury (48, 49) . The measurement of 3-NT in renal cortical tissue reflects not just glomerular but also tubulointerstitial immunostaining.
Relevant to our observations, cultured podocytes exposed to ROS demonstrate enhanced expression of proinflammatory cytokines and AT 1 R as well as podocyte apoptosis and cytoskeletal rearrangement (10, 15) . The resulting increase in ROS can contribute to reduced expression of podocyte-specific proteins and albuminuria by several mechanisms including decreased expression, increased degradation, and altered signaling capabilities of these highly susceptible cells. Results of the current investigation employing a renin inhibitor extend prior work demonstrating that in vivo treatment of young Ren2 rats with a ROS scavenger, AT 1 R blockade, and MR antagonist not only decreased kidney NADPH oxidase activity and ROS generation, but also improved podocyte effacement/damage, kidney filtration barrier fibrosis, and albuminuria (48, 49) . It should also be noted that Nox2 staining represents a subunit of an oxidant-generating complex, but it is not, itself, a marker of oxidative stress.
The cloning of the receptor for renin and prorenin, the (P)RR (34), led to the additional observation that prorenin and renin may exert direct renal inflammatory effects (18) . Furthermore, on binding to the (P)RR prorenin undergoes nonproteolytic activation and generation of cell surface ANG I (31, 34) . Additionally, the (P)RR may amplify renin-dependent actions; renin bound to(P)RR greatly enhances the catalytic actions of soluble renin (34) . It has been suggested that aliskiren may exert some of its renal protective effects by reducing the activation of a functional (P)RR, the activation of which increases the activation of profibrotic pathways (13, 18, 34) . Recent work demonstrated that aliskiren has an extensive and sustained renal distribution (13, 24, 51) , and this drug likely has beneficial effects on renal tubule function (optimal reabsorption of filtered protein) as well as salutary effects on the glomerular slit pore diaphragm.
Investigation of glomerular disease and associated proteinuria in hypertension has generally focused on mesangial proliferation and expansion, matrix accumulation, and basement membrane abnormalities (42) . However, with recent availability of sensitive markers for podocyte injury, such as nephrin, podocyte and slit pore damage can be assessed with greater reliability (1, 7, 23) . The availability of TEM further advanced our understanding of podocyte and slit pore membrane damage in relation to proteinuria (48, 50) . Here, consistent with our previous TEM work on Ren2 kidney tissue (48, 50) , we observed podocyte foot process effacement, widening of the bases of the foot processes, and loss of slit pore diaphragm integrity. These TEM abnormalities occurred contemporaneous with decreases in nephrin protein levels and were largely corrected to a similar extent in animals treated with either aliskiren or irbesartan.
Podocytes express ANG II receptors and have been shown to be target cells for ANG II action (11, 17, 44, 49) . Our current data showing that Ren2 renal cortical nephrin levels are decreased and glomerular ANG II and AT 1 R levels are increased are consistent with the prior reports that ANG II reduces nephrin gene expression (11) as well as protein levels (14) . Furthermore, our observations are consistent with a prior report that the degree of nephrin immunohistochemical expression is related to the extent of foot process effacement on TEM (50) . Nephrin exerts an important role as an adhesion molecule in cell-cell adhesion through homophilic interactions; thus, loss of this protein is thought to cause loss of cytoskeletal integrity and thus disorganization of the slit pore membrane integrity (11, 25) .
In summary, results from this investigation highlight the importance of pressor-related reductions on RAS-mediated oxidant stress and improvements in glomerular/podocyte integrity (nephrin) with both ARB and renin inhibition treatment.
